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ACCEPTABLE INDUSTRY TOLERANCES FOR STEEL CASTINGS 


Introduction 


In the summer of 1958, the Technical and Operat- 
ing Committee of SFSA undertook the study of 
casting tolerances on nonmachined surfaces. A 
three-phase program to obtain tolerance data was 
planned as follows: 


Phase I—Information was to be collected on 
what tolerances foundries were holding on 
actual production castings. 


Phase II—The object of this phase was to 
determine what tolerances foundries were 


quoting. 


Phase I1I—The third phase of the program was 
to determine what tolerances the industry 
could obtain when all foundries produced a 
casting from identical patterns. 


The collection of data for Phase I has been com- 
pleted, and this material is presently being tabulated 
and prepared for publication. Eight identical metal 
patterns have been constructed for Phase III of the 
program, and these are being circulated among the 
foundries of the eight T & O Divisions. Each 
foundry is to produce one or more castings from the 
pattern and ship them to a centrally located laboratory 
for measurement. Phase II of the tolerance study has 
been completed and the results are given in this 
article. 


Procedure 


In Phase II of the Tolerance Study, a drawing of a 
casting design was sent to the industry. Each foundry 
was to consider, for this phase, that they had received 
an inquiry for 100 castings to be produced according 
to the drawing shown in Figure 1. It was to be 
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Figure 1—Casting design for which SFSA member 


s were requested to submit tolerance quotations. 
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Figure 2—Distribution bar charts showing the percentage of samples for which the tolerances were quoted on dimensions “A” 


through “I 


considered as a new casting design for which no 
pattern equipment had been made and, therefore, 
the foundries would not be limited by work done 
by someone else. Each inquiry requested the quota- 
tion of standard and concise tolerances for each 
dimension. The standard tolerance was defined as 
that tolerance which could be met without undue 
precautions, that is to say, with average foundry 
operations. Concise tolerances were understood to 
be the narrowest limits which the foundry would 
accept, with the understanding that pattern charges 
may be increased, and that foundry control would be 
precise, but without finishing castings by grinding 
each one to a definite tolerance gage. 


A total of 94 quotations was received from 88 
member foundries. All data received were tabulated, 
and tolerances quoted for each dimension were then 
plotted against the percentage of samples having a 
specified tolerance. Similar charts were constructed 


for data obtained on minimum finish required on 
one of the casting surfaces and weight variation 
expected. 


Results and Conclusions 


Figure 2 shows the bar-type distribution charts 
obtained for standard tolerances on dimensions “A” 
through “I”. It can be seen that, generally, the 
majority of the quotations fell into three or four 
groups with significant variations between these 
groups in some cases. In addition to the major 
groups, a sprinkling of the tolerances quoted was a 
good deal greater or smaller than those most fre- 
quently specified. 


Table I shows the results obtained on the required 
minimum draft on dimension “J”. As can be seen, 
there was an extreme divergence of opinion on the 
draft required with quotations ranging from 1/32 
inch per foot (0° 9’) to 5/8 inch per foot (2° 59’) 
with a maximum of 23 percent of the foundries re- 
porting the same quotations. A rather large group 
specified the draft in both inches per foot and in 
degrees, but it was noted that many of the quota- 
tions were not equivalent. Table I includes drafts 
in degrees and minutes, and in 64th’s of an inch per 
foot. This Table can serve as a handy reference 
chart for conversion of these values, for drafts up 
to 3°. 
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Figure 3—Distribution of values quoted on minimum finish on 
the surface shown in Figure 1. 


Figures 3 and 4 show the minimum finish required 
and the expected weight variation, respectively. 
These results also followed the general trend of the 
quotations on linear dimensions. Curves identical 
to those shown in Figure 2 were also constructed 
from data on concise tolerances. The distribution 
charts for the standard and concise tolerances on 
linear dimensions were then used in the derivation 
of the curves of Figure 5. 


TABLE I. MINIMUM DRAFT ON DIMENSION “J” 

















Draft Draft 
Degrees Percent Degrees Percent 
64ths and of 64ths and of 
in/ft. Minutes Samples’ in/ft. Minutes Samples 
] 0 04 sions 21 1 34 
2 0 09 43 22 1 38 
3 0 14 23 1 43 
4 0 18 22.8 24 1 47 
~ 0 22 25 Er) oe 
6 6 27 10.9 26 1 56 
7 0 31 8.7 27 2 Ol 3.3 
8 0 36 19.6 28 2- & 
) 0 40 29 2 16 
10 0 45 . 22 30 2 i 
ll 0 49 ‘ 31 2 19 
12 0 54 6.5 32 2 3 
13 0 58 14.1 33 2 28 
14 1 03 34 2 2 
15 1 07 = 35 2 36 
16 i 4.3 36 2 4) 
17 1 16 37 a = 
18 1 21 38 2 3 
19 1 25 39 z 
20 ] #@ 2.2 40 2 59 1.1 
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Figure 4—Distribution of values quoted on expected variation 
in total casting weight. 
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Figure 5—Curves showing standard and concise tolerance 
quotations as a function of casting dimensions. The solid line 
shows standard tolerances and the broken line shows concise 
tolerances. 


Figure 5 is a plot of tolerances quoted versus 
casting dimension. The tolerances used were those 
at which a smooth distribution curve (rather than a 
bar distribution chart of Figure 2) reached a maxi- 
mum. Thus a tolerance shown in Figure 5 would lie 
between two of the major tolerance groups of a bar 
chart, such as those shown in Figure 2. It can be 
seen that the tolerances increase sharply with the 
casting dimension up to about 10 inches, and then 
level off to a very slow rate of increase as the casting 
dimension increases further. It should be noted that 
these curves indicate much closer tolerances than 
those shown in the 1950 edition of the Steel Castings 
Handbook and reflect the large improvement in cast- 
ing technology and the quality of steel castings in 
the last 10 years. 
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SELECTION OF STEEL CASTINGS IN PREFERENCE TO 
WROUGHT STEEL PRODUCTS OR CAST IRON (NODULAR)* 


J. A. Moseley** 


Steel is steel whether it is wrought or cast, just as 
a diamond is a diamond, whether it occurs naturally 
or is produced commercially. This simple statement 
is undeniable if the facts are analyzed objectively; yet, 
unfortunately, for many engineers the use of the ad- 
jective “cast” invariably implies an inferior product. 
A comparison of the processes employed to produce 
cast and wrought steels proves this attitude to be en- 
tirely unfounded and shows that cast steel is in every 
respect comparable to, and in some cases superior to, 
wrought steel. 


There are two main differences between cast and 
wrought steels arising from the method of production. 
These are: 


1. Cast steel is dead killed (i.e. all rimming or 
boiling action is stopped) before it is cast to 
eliminate porosity in the product; therefore, the 
manganese and silicon contents are generally 
somewhat higher than for equivalent grades of 
wrought steels. 


2. Cast steels are transformed directly from the 
liquid state into the final shape of the part be- 
ing produced, whereas wrought steel is first cast 
into ingots and subsequently rolled or worked 
to the shape desired for further fabrication. 


The production of the steel, except for these two 
factors, is exactly the same; therefore, the effect of 
only these factors on the properties of the product 
need be considered here. 


The higher manganese and silicon contents, result- 
ing from the dead killed nature of cast steels, have the 
effect of upgrading the tensile properties of a cast steel 
with respect to a wrought steel of similar grade. Thus 
a cast 1330 steel is essentially equivalent in tensile 
properties to a wrought 1340 steel, and a cast 4135 
steel is essentially equivalent in properties to a 
wrought 4140 steel as shown in Table I 


Other than this upgrading effect of the chemistry, 
the steels are in every respect equivalent—until di- 
rectionality is induced in the wrought steels by rolling 
or working. Cast steels, having been cast directly to 
the final product shape, require no further working, 
thereby retaining their uniformity of properties in all 
directions. Figure 1 shows the tensile properties of 


*Presented at the Conference on Steel Castings, April 15, 1958, 
sponsored by the Corps of Engineers, Fort Belvoir, Virginia. 


**Chief Quality Control Engineer, Atlas Steel Casting Com- 
pany, Buffalo, New York. 
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Figure 1—The effect of section size on longitudinal and trans- 
verse tensile properties of a 6'4-inch section of 1030 wrought 
steel, normalized (1600°F) and tempered (1200°F). (The 
dotted curves are a plot of the data obtained from a 6-inch 
1030 cast steel with the same heat treatment as the wrought 
steels.) 
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Figure 2—The effect of section size (specimen location) on the 
endurance limit and endurance ratio of a normalized (1600°F) 
and tempered (1200°F) 1030 wrought steel when tested in 
the longitudinal and transverse direction. (Dotted curves are 
for a 6-inch section of a 1030 cast steel with the same heat 
treatment.) 
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comparable cast and wrought steels and the variations 
between the transverse and longitudinal testing di- 
rections for the wrought steels. The horizontal axis 


is the distance across a 61/4-inch section. Notice that 120 
the tensile and yield strengths are essentially equal, g 
while there is a considerable difference between the = 
reduction of area and elongation in the transverse and 100 
longitudinal directions, with the cast steel values lying pa 
between the two. A similar situation exists for fatigue 2 80 
properties, as is shown in Figure 2, and for impact SI 
properties as shown in Figure 3. S 60 
It is obvious that directional properties can be quite 4 
dangerous if a part or product is designed on the basis a 
of the most favorable properties and is then subjected 3 40 


to fatigue or impact conditions, which may very well 
act in the unfavorable direction. Cast steels, there- 
fore, can be applied to great advantage in situations 
where directional impact or fatigue properties might 
dangerously affect service life. Such situations are, ot 
course, difficult to define. However, it is important 
that design engineers realize that the properties of 
wrought steels are directional in nature and that prob- 
lems arising from this situation can be avoided by 
using a material with a uniform structure and non- 
directional properties, such as cast steel. 


140 
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Figure 3—Effect of specimen orientation relative to rolling 
direction on the Charpy V-notch transition curves. Cast steel 
values shown by dotted line. From “Performance of Cast and 
Rolled Steels in Relation to the Program of Brittle Fracture” 
by Pellini, Brandt and Layne. 
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CHEMICAL ANALYSIS OF CAST AND W/ROUGHT STEELS 












































Steel 

Type Cc Mn Si P Ss Cr Mo 
Cast 1040 0.39 0.78 0.47 0.023 0.039 
Wrought 1040 0.39 0.82 0.28 0.020 0.037 
Cast 1330 0.31 1.64 0.47 0.015 0.022 
Cast 1330 0.30 1.50 0.42 0.031 0.043 
Wrought 1340 0.38 1.68 0.35 0.020 0.025 ms 
Cast 4135 0.37 0.82 0.45 0.035 0.027 0.88 0.19 
Wrought 4140 0.39 0.84 0.28 0.019 0.029 0.96 0.19 

TENSILE AND HARDNESS PROPERTIES 
— we ae ‘ Tensile 0.2% Red. Elong. 
Heat Strength YS. in Area in 2” 
Steel Treatment, °F 1000 psi 1000 psi » A A BHN 
ANNEALED 
Cast 1040 : 1650 83.5 49.3 46.7 2TS 156 
Wrought 1040 1650 81.4 47.6 54.6 31.0 149 
NORMALIZED AND TEMPERED 

Cast 1040 N-1650, T-1200 94.2 56.0 52.2 24.5 187 
Wrought 1040 N-1650, T-1200 90.0 55.7 58.3 26.5 170 
Cast 1330 N-1650, T-1200 99.3 61.5 58.5 24.0 201 
Cast 1330 N-1650, T-800 97.0 63.5 58.5 26.0 201 
Wrought 1340 N-1650, T-1200 101.8 56.8 60.1 23.5 207 
Cast 4135 N-1650, T-1200 112.7 86.5 43.] 18.0 223 














Wrought 4140 N-1650, T-1200 111.1 86.1 62.9 23.4 223 
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Figure 4—Comparison of the machinability of 4130 cast steel and 4140 wrought steel. 


Casting steel to shape in a refractory mold produces 
a somewhat different type of surface than that pro- 
duced by rolling or working the steel. It has been 
claimed that this as-cast surface is difficult to machine, 
and this is, in fact, true if care is not taken to produce 
a good as-cast surface free of adhering sand. However, 
studies conducted by Metcut Research Associates for 
Steel Founders’ Society show not only that the ma- 
chinability of cast steel is comparable to wrought steel 
of similar composition and microstructure, as shown 
in Figure 4, but also that the machinability of com- 
mercially produced, sand free cast surfaces is com- 
parable to the base metal and, thus, to wrought steel. 
Figure 5 shows the machinability comparison of the 
as-cast surface and base metal. 


TABLE II 
ADVANTAGES IN THE USE OF STEEL CASTINGS 








1) Design Freedom 
a. Metal distribution for maximum strength at 
minimum weight 
b. Streamlined design, free of stress concentra- 
tion points or notches 
c. Design changes easily and quickly made 


2) Properties 
a. Directional uniformity of properties 
b. High rigidity and minimum deflection 
c. High tensile, fatigue and impact strengths, 
high ductility, wear resistance, excellent high 


temperature properties and corrosion resist- 
ance 


3) General 
a. Minimum machining requirements 
b. Eye-appealing, streamlined design 








From SFSA Research. 


There are, however, many other advantages to be 


gained through the use of cast in preference to 


wrought steel products. 


A brief outline of these ad- 


vantages is shown in Table II. 
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CUTTING SPEED — FEET/MINUTE 


Material... 
Sand 

Tool 

Feed 

Depth of cut 
Cutting fluid. 


...Carbon steel (Lot No. 8) 
AFS No. 45 


HSS (18-4-1) 
.009 in/rev 


.125 inch 
Soluble Oil (25:1) 


Tool life of high-speed steel tools for 0.30 - 
bon steel cast in molds of AFS No. 45 a peace 


Figure 5—Comparison of the machinability of a cast steel 


surface and the base metal. 





JOURNAL 





Figure 6—Cast steel and fabricated universal joint top link. 
Steel casting weighs 57 percent less and costs 6 percent less 
than the fabrication. 


The process of casting to shape offers the engineer 
freedom of design not obtainable with fabrication 
techniques. The metal in steel castings can be dis- 
tributed where it will do the most good for maximum 
strength and minimum weight. The natural result of 
following this fundamental principle of design, i.e., 
designing each portion of the casting to withstand the 
stresses acting in that portion, and adhering to the 
basic princinics of good casting design, is a stream- 
lined, eye-appealing product which is most efficiently 
capable of performing the desired job. By the same 
token, a streamlined casting design offers the ultimate 
in structural rigidity, good dimensional tolerances, 
minimum machining requirements and freedom from 
sharp corners and changes in sections, which act as 
points of stress concentration. The latter advantage 
is of utmost importance as is dramatically shown in 
the Society’s film on “Photoelastic Studies of Joined 
Sections in Steel Castings and Weldments.” 


Figure 6 illustrates how these advantages were ob- 
tained by the conversion of a universal joint top link 
to a steel casting. The weight of this part was re- 
duced by 57 percent, the appearance improved 
greatly, and the cost was lowered by 6 percent. 


Figure 7 shows how the weight of a finished diesel 
locomotive was reduced by 2000 pounds by engi- 
neering the sections of the equilizer bar to carry the 
load required. The bar was originally cut from rolled 
plate. The conversion also enabled the designers to 
incorporate spring seats and equilizer bar into one 
casting. 





Figure 7—Locomotive equalizer bar as a steel casting (top) 
and cut from rolled plate (bottom). Conversion to a steel 
casting reduced the weight of each locomotive by 2000 pounds. 





Figure 8—Application of the cast-weld technique to simplify 
the production of a complex casting design. 


Another important facet of design freedom offered 
by steel castings is the ease and speed with which 
changes in design can be incorporated in the product. 
Important redesign features can usually be introduced 
by making minor changes in pattern equipment, even 
during a production run. 


The casting process also offers extreme versatility 
when applied in the cast-weld or composite type of 
construction. Such methods can be used to great ad- 
vantage in cases of design complexity or the desira- 
bility of obtaining radically different properties in 
different locations. 


These sections can be cast separately of different 
steels and welded together, or a complex structure can 
be made as two castings welded together, as shown in 
Figure 8. Such a procedure can greatly reduce the 
problems of producing a high quality product. 
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TABLE III 
FATIGUE PROPERTIES OF CAST STEEL AND NODULAR IRON 
Elong. 
Heat Tensile % Endurance Limit 

Material Treatment Strength in 2” Un-notched Notched 
Cast 1030 N&T 97,000 26.0 41,700 31,200 
Cast 1040 Annealed 83,500 27.5 33,200 26,000 
Nodular Iron« As Cast 71,500 0.0 24,800 not 
Nodular Iron« Heat Treated:2) 64,300 3.5 24,000 reported 
Nodular Iron«) Heat Treated:2) 71,500 8.0 24,000 18,500 








«“)Taken from T. E. Eagan, Cooper-Bessemer Corporation 


‘2)Heat treatment: 2 hrs at 1700°F, furnace cool to 1250°F, 10-hr furnace cool to 900°F, air cool. 


A most important advantage, which can be gained 
through the use of cast steel, is the wide range of 
chemical analyses and mechanical properties available. 
The entire range of steel compositions, from plain 
carbon through low alloy, high alloy and stainless, can 
be produced as cast steels. Castings can be made to 
be tough, highly ductile, machinable, weldable, and 
resistant to corrosion, wear, high temperature, fatigue 
and impact. The big advantage of this situation lies 
in the fact that most of the steelmaking furnaces used 
by steel foundries are relatively small, and, therefore, 
a special heat can easily be made to satisfy the require- 
ments of one job. Wrought steel producers, on the 
other hand, usually use large capacity furnaces and 
must, therefore, schedule special analyses heats well 
in advance so that several orders can be combined to 
warrant making a heat of the special steels. 


A discussion of this type certainly should not over- 
look that new “wonder metal”, nodular iron. Claims 
have been made that this material offers all the ad- 
vantages obtainable through the casting process, ex- 
cellent machinability, together with mechanical prop- 
erties comparable to those of steel. Certainly, there 
can be no question about the accuracy of the first two 
claims. In fact, the value of nodular iron in supple- 
menting the use of steel castings cannot be denied. 
The fact that the steel castings industry recognizes the 
value of this material is evidenced by the number of 
steel foundries now producing nodular iron and those 
investigating its production. Nodular iron castings 
can be used for static stress applications requiring 
good machinability to very great advantage. 


However, the belief that nodular iron exhibits 
properties comparable to steel and that it can be sub- 
stituted for steel in dynamic stress applications can be 
an extremely dangerous one. Any material with less 
than 5 percent elongation is considered to be a brittle 
material and many nodular irons do not exceed this 
elongation value when high tensile strengths are re- 
quired. 


An analysis of the properties of nodular iron is very 
difficult and must be made with care for two reasons: 


1. Most of the published property data are based 
on laboratory production and testing rather 
than on commercially produced material. 


2. The data are usually reported in very uncon- 
ventional terms, making a direct comparison 
with steel difficult, if not impossible. 


The tensile properties, to illustrate the second rea- 
son, are usually reported in the as-cast or most favor- 
able heat-treated condition, while the fatigue prop- 
erties are obtained after very lengthy and exacting 
heat treatment to produce a 100 percent ferrite 
matrix. These values are then reported together, 
making the situation very confusing. Table III com- 
pares the endurance limits of cast steel and nodular 
iron, both being in the annealed condition. The data 
for nodular iron were obtained as outlined above, and, 
as far as the author is able to determine, these are 
about the only data available. 


It is impossible to compare the impact strengths of 
the two materials as there are very little data available 
on nodular iron, and that which is available is seldom 
based on the standard Charpy V-notch test. Evidence 
seems to indicate that the material has little impact 
strength. Dynamic application, therefore, is certainly 
not advisable on the basis of published property data. 


This lack of reliable, standardized data, together 
with a natural lack of experience with the use of ma- 
terial, have raised the designer's factor of safety from 
a normal 2 or 3 for steel, with which the designer is 
familiar and for which there is well documented prop- 
erty data, to factors of 8 to 12 for nodular iron. If 
a steel casting can be converted to nodular iron suc- 
cessfully without a change in section design, it must 
be assumed that the steel casting was drastically over- 


designed. 
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Thus it can be seen that steel is in fact steel, re- 
gardless of whether it is cast or wrought. The only 
difference affecting the properties of one with respect 
to the other are directionality and possible surface 
conditions. Research has shown that the properties 
of cast steel are uniform in all directions, and the 
fatigue and impact properties are approximately equal 
or slightly less than longitudinal properties and sub- 
stantially greater than the transverse properties of 
wrought steel of similar tensile strengths. The ma- 
chinability of cast steels has been shown to be com- 
parable to that of wrought steels. It has also been 
shown that nodular iron cannot and should not be 


substituted for steel castings in dynamic stress appli- 
cations. The use of this material for static stress ap- 
plications for which machinability is an important 
factor, however, is another matter, and the material 
appears adequate to meet the requirements. 


The steel casting process represents a unique ver- 
satility in the ability of a manufacturer to produce a 
steel of a composition best suited for the anticipated 
service conditions in a form which boasts: optimum 
distribution of metal for rigidity and load carrying 
capacity; an eye-appealing, streamlined design free 
from stress concentration points; minimum machining 
requirements and close tolerances. 


LADLE DEOXIDATION OF KILLED 
STEEL WITH FERROALUMINUM 


Most all steel for steel castings is deoxidized with 
aluminum. The aluminum employed is cast in bars, 
stars or pellets; and, in some cases, as a constituent 
of a complex alloy. Many steel foundries have an 
aluminum deoxidation practice of throwing small 
bars, weighing one to five pounds, into the ladle 
during tapping after the ferrosilicon deoxidation in 
the furnace or ladle. The introduction of aluminum 
in this manner may result in the oxidation of as much 
as 75 percent of the aluminum because the light 
metal floats on the slag and interacts with the oxygen 
in the slag and air. 


Experiments were made in Russia at the Donets 
Industrial Institute by I. N. Lad’yanov{ with an alloy 
of aluminum and iron as a deoxidizer of steel. 
Liquid steel has a specific gravity of 6.9 so it was 
decided to prepare a ferroaluminum alloy of 7.0 to 
7.1 so that it would sink when it was thrown into 
the ladle of molten steel. The aluminum content of 
such an alloy made from aluminum and mild steel 
was calculated and it was determined that the alu- 
minum content should be 13.7 percent for a specific 
gravity of 7.1. An alloy of this composition was 
prepared and broken into pieces of about 1!4 inches. 
The loss of aluminum in the preparation of the 
three heats of ferroaluminum was 5 percent so the 
13.7 percent aluminum could be easily attained. 


Carbon steels were produced deoxidized with from 
0.20 to 0.70 pounds of aluminum per ton of steel 
in the form of ferroaluminum. Control steels deoxid- 
ized with metal aluminum were also made for com- 
parison purposes. The ferroaluminum was added 
starting when the ladle was half full and ending 
when it was three quarters full. The steel was 
poured into ingots and a number of tests were made. 


+ Translated by Henry Brutcher from Stahl, Vol. 18, 1958, 
No. 3, pp. 218-223. 


OXYGEN CONTENT .. . The steels deoxidized with 
FeAl were about 0.002 to 0.003 percent oxygen lower 
than those deoxidized with Al. 


MICRO Porosity . . . The microstructures of the 
steel of the experimental heats deoxidized with FeAl 
were somewhat more homogeneous than those of the 
Al deoxidized steel. 


GRAIN SIZE . . . FeAl produces a finer grain size 
for the same amount of aluminum added, indicating 
a better absorption of aluminum (since this metal 
refined the grain more effectively, the more metallic 
Al remains dissolved in the iron; the percentage of 
nitrogen bound by the Al is increased). 


NONMETALLIC INCLUSIONS . . . The number of 
inclusions in the various heats was from 10 to 25 
percent less for the steel deoxidized with FeAl. 


MECHANICAL PROPERTIES . The mechanical 
properties are about the same in steel deoxidized 
either way. 


Summary 


The use of ferroaluminum for ladle deoxidation of 
killed steel is superior to that of aluminum because 
of: (a) better aluminum recovery and cutting alumi- 
num consumption in half; (b) reduction of the 
percentage of nonmetallic inclusions; (c) a finer 
austenitic grain size for the same aluminum consump- 
tion; and (d) the possibility of adding aluminum 
more accurately. 


The test results indicate the desirability of introduc- 
ing ferroaluminum deoxidation of killed steel into 
industrial practice. 


(There is no ferroaluminum alloy of 13.7 percent aluminum 
available at the present time in the United States, but the 
matter is being considered by one or more of the various alloy 
manufacturers. There is a possibility that a briquette of iron 
powder and aluminum chips may soon be available—The Editor) 
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RESEARCH ON THE CEROXIDE DEFECT 


Research studies have proceeded for six months 
on Research Project No. 48 and the following is a 
short review of the progress that has been made. 


A request was made to all member companies for 
examples of the ceroxide defect and thirty-three 
companies sent one hundred ten castings to the 
research agency showing the ceroxide defects. Many 
of these examples were analyzed petrographically, 
chemically, and metallographically. Tabulation of 
the histories of the samples with ceroxide defects 
have been made as to steelmaking, ladles and mold 
construction. 


The preliminary studies show that alumina (corun- 
dum) is present from 2 to 10 percent. Varying 
amounts of mullite, glass, cristobalite and quartz are 
present. Petrographic studies indicate that the 
majority of the ceroxide material contains greater 
than 50 percent quartz. The unaltered sand probably 
all comes from the mold. 


Table I presents estimates of the analysis of the 
ceroxide material if the quartz sand present is neg- 
lected. Table I is based on the data obtained through 
petrographic and spectroscopic analysis and probably 
indicates the composition of that portion of the 
ceroxide which is in the steel and rises to the cope 
surface where it contacts the sand mold. 


TABLE I—ESTIMATED COMPOSITION OF CEROXIDE 
MATERIAL PRIOR TO CONTACT WITH 
COPE SURFACE 








Estimated Composition, percent 








Sample Al.O; FeO MnO SiO. 
E 14 8 21 57 
P 18 16 19 47 
Q 1] 13 18 58 
Ria) 1] 2 7 80 
Tifa) 53 10 13 24 
U 25 10 1] 54 
V 21 14 13 52 
WwW 23 16. 13 48 
xX 20 40 10 30 
¥ 24 11 24 4] 
Exp. (») 2 22 36 40 








(a) Ceroxide material from runner and (tile) sprue 
(6) No aluminum added. 








Figure 1—Evidence of ceroxide defects on an experimental 
casting made without aluminum deoxidation. Casting shown 
after blast cleaning. 


It is interesting to note that samples X and Y were 
the only ones that contained zirconium. These two 
samples were taken from castings which were poured 
from ladles that contained zircon as a ladle lining 
material. It seems likely that the zircon came from 
the ladle lining as analysis of material from the 
receiving ladle spout and from the top of the riser 
associated with sample X also showed zircon and 
zirconia. 

Experimental castings have been poured at the 
research agency and an analysis of the ceroxide 
material collected from the cope surface is given in 
Table I. Figure 1 is a photograph of an experimental 
casting which contains ceroxide defects. The casting 
was poured with steel that had not been deoxidized 
with aluminum. There is a difference in the ap- 
pearance of ceroxide defects occurring in castings 
which have or have not had aluminum added to the 
steel. The difference in appearance may reflect the 
aluminum additions. 


DIMENSIONS AND FORM OF RISERS 


B. B. Guljajew’s original Russian article was trans- 
lated into German and published in “Hochwertiger 
Stahlguss” (High-Grade Steel Castings). The 
English translation from the German was made for 
the British Steel Castings Research Association. 


Mr. Guljajew states that Soviet casting experts 
have made great advances in determining the design 
and dimensions of risers. It is interesting to note 
the basic difference in the Russian procedure for 
determining minimum riser dimensions and the 
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procedure generally used in the United States. 
Basically, in this country, riser dimensions are 
based on solidification time of risers in relation 
to casting solidification time, i.e., on the ratio of the 
surface area of the riser to the volume of the riser 
and the surface area of the casting to the volume of 
the casting. 


The Russians are interested in determining the 
size of the riser from the size of the shrink cavity 
produced in the riser. A formula has been developed 
by which it is possible to calculate the depth of the 
shrinkage zone in the riser as well as the height of 
the riser. 


Guljajew points out that the three demands made 
of a riser are as follows: (1) “The riser must have 
a sufficiently large cross-section to solidify later than 
the casting. This depends on being able to control 
the processes occurring during solidification of the 
casting.” 


In practice, it is pointed out, this condition is ful- 
filled if the riser diameter is increased in relation to 
the diameter of the sphere which can be inscribed 
in the volume of the casting. The recommended 
values are 5-15 percent for only slightly complicated 
casting surfaces, 15-30 percent for medium compli- 
cated, and 30-60 percent for highly complicated 
castings. 


(2) “The riser should have a volume sufficiently 
greater to accommodate the shrinkage cavities formed. 
Taking a transverse section, chosen on the basis of 
the first condition and an assumed structure, the 
calculation of the volume of the riser depends on the 
determination of the height”. This means that during 
the solidification of the casting, a definite feed 
demand will be made on the riser, and the riser must 
be large enough so that the shrinkage cavity produced 
in the riser will be confined to the riser. The calcula- 
tion of the riser volume is based on the height of the 
shrinkage cavity in the riser. 


The depth of the shrinkage zone in the riser can 
be calculated by employing the following formula: 


y= 2(Ve+Vr) VI a(VEV) es nex? 





2S 
; (1) 
where: 
Y =Depth of shrinkage zone. 
a =Coefficient of decrease of volume. 
V. =Volume of casting. 
V, =Volume of riser. 


M =Relative speed of solidification from the top. 
(for blind risers M=1, for open riser, 
M=2) 


X =The smallest distance from the surface cor- 
responding to the end of solidification (in 
round risers the lower radius, in rectangular 
risers half the breadth of the lower cross- 
section ). 


S =Mean area of the horizontal section of the 


, 


: - 3 
shrinkage zone (in round risers S <> 


2 
rectangular risers S= Ri.L—=- RRs; where 
R, and Ry are the upper and lower radii and 
L is the height of the risers). 


“The formula is valid on the following assumptions: 


1. “That solidification proceeds in steps. It starts 
at the surface of the casting and proceeds to the 
center in layers, parallel to the surface. 


2. “The solidification of all exterior surfaces, includ- 


ing the upper one, proceeds in the above men- 
tioned manner. 


3. “Shrinkage cavities occur only during solidifica- 


tion: the shrinkage of the liquid steels is propor- 
tional to the mass of the solidified steel and is 
added to the shrinkage during solidification. As 
the greatest depth of shrinkage cavities is of 
interest, the highest possible casting temperature 
must be assumed in the calculations. The diminu- 
tion in volume caused by the cooling of the 
liquid steel is considerably smaller than the 
shrinkage during solidification. Because of this 
the relevant assumption does not lead to signifi- 
cant errors. A comparison of experimental values 
with the corresponding calculated ones shows 
that for steel castings one can assume a=0.035 
in all cases. 


4. “The shrinkage cavities formed during solidifica- 


tion are completely filled with liquid steel, and 
this feeding of all parts of the casting with liquid 
steel from the feeder head proceeds rapidly and 
without hindrance. This assumption excludes 
taking into consideration the formation of pores. 
On cutting off the shrinkage cavities from the 
atmosphere, the feed of steel from the feeder head 
into the casting proceeds only by hydrostatic 
pressure, this assumption being only partially 
valid. Simultaneously, the shrinkage cavities are 
transformed into a porous zone and the casting is 
insufficiently dense. Under favorable conditions, 
i.e, when the atmosphere has free access to the 
shrinkage cavities, this assumption can be the 
cause of large errors. 


5. “The contour line of the surface of the shrinkage 
cavities is in all cases a straight one. This assump- 
tion was made to simplify complicated calcula- 
tions.” 7 
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The report shows several examples of the calculated 
shrinkage zone in the riser and the actual shrinkage 
zone in the riser. Mr. Guljajew states that the results 
show that formula (1) enables one to calculate the 
depth of the shrinkage zone in riser with sufficient 
accuracy for practical purposes. 


Certain alterations are made in formula (2) by 
assuming that the upper and lower radii of the riser 
are equal, that (a) is equal to 0.035 and that 
the ratio of the depth of the shrinkage cavities in 
the riser to the height of the riser is 0.75. Thus the 
distance between the riser/casting interface and the 
base of the riser shrinkage is 4 of the riser height. 
Guljajew says that the height of the riser can be 
calculated by the following formula: 





0.0259 [os2sove] +2.07M?2R2 
R- R?2 

(2) 
where: 
H = height of riser 


R=radius of riser 


6. “The riser must be of a form that will realize the 
minimum volume. Naturally, this condition only 
makes sense if one assumes the first two condi- 
tions have been obeyed.” 


The Russian foundrymen, by making certain as- 
sumptions and rather involved calculations, have 
determined that: 


1. The cylinder is the most advantageous form 
of riser. 


2. Blind risers with an insulated top surface can 
have a smaller volume than an open riser. 


3. By the use of formulae and calculations, the 
dimensions of a riser, which will fulfill all three 
stated conditions, can be determined. 


4. If the risers are correctly dimensioned, the 
weight of the riser will be between 30-60 percent 
of the casting weight. 


5. The ratio of the height of risers to the diameter 
of the riser can be assumed to be 1.25:1 for blind 
riser, and 2:1 for open riser. These values do not 
agree with the studies of Steel Founders’ Society on 
the ratio of riser height to diameter. Generally, a 
1:1 ratio is recommended. 


6. A relatively wide variation in the casting 
weights does not influence the necessary height of 
the riser. Thus the choice of a riser is based upon a 
single value, namely, the diameter of the sphere which 
can be inscribed in the volume of the casting. 


7. The idea of standardizing risers at the “Bolshe- 
vik” works was the work of D. R. Kononow and 
B. B. Guljajew, which was on the basis of calcula- 
tions and general experiences in the shop. 


Standard risers have been in use in Russia for 
several years in a number of foundries and have 
proved their usefulness by increasing the number 
of sound castings. 


REDUCTION OF HARDENING TIME OF OIL BONDED CORES 


The Report of the Castings Research Laboratory, 
No. 8, 1957, Waseda University, Tokyo, Japan, con- 
tained an interesting article by Dr. Jiro Kashima and 
Hiroshijo Suzuki, entitled ““On The Study of Organic 
Binders For Molding Sand”, in which the addition 
of various driers to reduce the hardening time of 
linseed oil is discussed. A summary of this report is 
presented below. 


Introduction 


When so-called drying oil is spread as a thin film 
in air, it grows viscous and finally develops into a 
hard film. It is known that this behavior is mainly 
due to the addition of oxygen to the double bond 
of unsaturated fatty acid, which forms glycerides 
of drying oil. Generally, the strength of the drying 
properties of the oil increases as the degree of sat- 
uration of the fatty acid decreases. The unsaturated 
acids of linseed oil, linoleic acid and linolenic acid, 
have two and three double bonds, respectively. China 
wood oil consists mainly of the glycerides of eleo- 
stearic acid. Eleo-stearic acid is an isomeric linolenic 


acid containing three double bonds. The drying 
properties of this acid are stronger than the glyceride 
of linolenic acid. 


Although the rate of adsorption of oxygen of un- 
saturated oil is proportional to the iodine value of 
oil, china wood oil dries much faster than linseed oil 
which has a larger iodine value. This is explained as 
the need for changing the nature and position of the 
double bond in linseed oil prior to hardening. It is 
believed that the relatively long hardening time of 
linseed oil is the result of this induction period. 
The oil is often, boiled to shorten this induction 
period. Further improvement of the drying prop- 
erties is obtained by adding driers to the oil. How- 
ever, the role of the drier in the hardening of the oil 
is not entirely understood. 


Many metallic compounds are used as driers, and 
they can generally be divided into two types: oxi- 
dizing and polymerizing. Compounds of cobalt and 
manganese are of the oxidizing type, and compounds 
of lead, zinc, tin and titanium are of the polymer- 
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TABLE I—Effect of Various Driers on The 
Transverse Strength of Oil Bonded Sand. 


Transverse Strength* psi 
Drier 
Baking Rare 
Conditions None Cu Pb Zn Co Earth 
390°F - 15min. 1136 340 880 1037 1161 1292 
390°F - 30min. 1576 1306 1548 1605 1860 1775 
212°F - 90 min 142 42 57 71 951 128 
Drier addition 
to oil OG O8% LOY, osy, 1.6%. 65% 
*Bonded with 5 percent linseed oil. 











izing type. The oxidizing driers have a strong oxi- 
dizing action and accelerate the drying of the sur- 
face of the oil, while the polymerizing type of drier 
promotes hardening from the interior of the oil film. 


The applied oil film requirements for the paint 
industry differ from those for a binder in molding 
sands. Therefore, the application of driers to oil for 
molding sands must be considered from a different 
point of view than that taken by most investigations 
which have been made on the action of driers. The 
most important factor in oil bonded sand is the time 
required to harden the mix. 


Experimental Results 


The transverse strength of 1 x 1 x S-cm samples 
tested on supports 4 cms apart was used as an in- 
dication of the degree of hardening or curing. The 
samples were rammed 3 times on a standard AFS 
rammer, and the results of five tests were averaged 
for a single point. The mix used was a silica sand, 
AFS Fineness No. 120, bonded with 5 percent lin- 
seed oil. The effect of an addition of several kinds 
of liquid driers to the linseed oil is shown in Table 
I. The additions shown in Table I were based upon 
effective additions used in the paint industry. It 
can be seen from this table that cobalt naphthanate 
has a remarkable effect on the curing of the sand. 
The rare earth and zinc compounds show little ad- 
vantage, and copper naphthanate and the lead drier 
have a detrimental effect on hardening. 


It is obvious from Table I that the oxidizing type 
of driers, of which cobalt naphthanate is the strong- 
est known, are effective in increasing the rate of oil 
sand curing, while the polymerizing types appear 
to hinder the curing reaction. Results obtained with 
cobalt napthate additions are summarized below. 


The best results were obtained at 390 degrees F 
with a 1 percent addition of cobalt naphthanate to 
the oil. A 1 percent addition of naphthanate is 
equivalent to a 0.06 percent addition of metallic 
cobalt. Additions of 0.5 and 10 percent yielded 
similar results at 300 degrees F; however, the sample 
containing oil with a 10 percent addition of the 
drier, exhibited curing properties at 212 degrees 
F equivalent to those obtained at 300 degrees F. It 
is interesting to note that the optimum addition of 
metallic cobalt in the paint industry is 0.06 percent 
maximum (oil containing 1 percent cobalt naph- 
thanate), while additions of 0.6 percent (oil con- 
taining 10 percent cobalt naphthanate) exhibited 
remarkably good results for oil sand applications. 


Further tests indicated that good results could be 
obtained by curing at 150 degrees F with a 10 per- 
cent addition of cobalt naphthanate to the linseed 
oil. The transverse strength obtained after baking 
at 150 degrees F for 30 minutes was 426 psi, and 
the sample could be easily handled. 


Attempts were made to improve the drying 
capacity of linseed oil by adding the cobalt drier in 
combination with the zinc, lead and copper driers. 
These combinations were found to have harmful 
effects on the hardening reaction. The addition of 
cobalt naphthanate to phathalic resin and epoxy resin 
modified linseed oil was also investigated, and an 
addition of 1 percent drier to the phathalic resin 


modified oil showed good results. 


Conclusions 

The addition of various driers to shorten the curing 
time of linseed oil bonded core sands was investigated 
with the following results: 


1. Cobalt and copper naphthanate and zinc and 
lead salts of 2-ethyl hexoic acid were tested as 
driers. The cobalt drier exhibited remarkable 
results for a wide range of baking temper- 
atures. Other driers were found unsuitable for 
hardening core sand. 


2. Additions of the cobalt drier mixed with the 
other driers have a harmful effect. 


3. The addition of cobalt naphthanate to two 


kinds of synthetic resin modified linseed oil 
also yielded good results. 


CONTROLLING POROSITY IN STAINLESS STEEL CASTINGS 


A small addition of selenium to stainless steel 
melts can eliminate pinhole porosity in castings made 
in green sand molds. However, the details of the 
porosity problem and the importance of selenium 
were not thoroughly known, and a study of these 
relations was made at Battelle Memorial Institute 
by the Alloy Casting Institute. The findings of 
these studies have recently been published by R. J. 
Mangone, A. M. Hall, W. T. Bryan and C. E. Sims 
in the December issue, 1958, of the Journal of 
Metals. 


Laboratory Experiments 


The research procedure employed was to melt 
virgin stock in a magnesia-lined induction furnace 
to provide melts in the CF-8 (Cr 18, Ni 8) alloy 
composition range. The hydrogen content of the 
melts was varied from 4 to 18 ppm by bubbling 
tank hydrogen through the molten metal. Castings 
were poured into calcined clay and core sand molds, 
and into green sand molds of varying moisture 
contents to observe the effect of mold moisture. 
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All of the castings in this preliminary work were 
poured at a temperature of 2900 degrees F as 
measured by an optical pyrometer. 


A thin plate (gland) casting was used to observe 
the extent of porosity under various conditions. 
Pinhole porosity could be produced readily in the 
laboratory with this casting in green sand molds. 
No porosity was found in the refractory molds of 
zero moisture content, even though the hydrogen 
content of the metal ranged up to 18 ppm. 


A series of heats was made at various hydrogen 
levels and poured at various temperatures. Additions 
of selenium were made to the furnaces and the melt 
was poured into molds containing 3 and 4.5 percent 
moisture. 


The results obtained are plotted in Figure 1 in 
such a way as to show whether the castings were 
porous or sound. In each case, it was possible to 
draw a line separating the areas representing the 
conditions under which sound or porous castings 
would be expected. This chart shows that porosity 
could be developed by increasing either the pouring 
temperature or the melt hydrogen content. The 
slopes and shapes of the lines separating the condi- 
tions under which sound castings result from those 
under which porous castings result indicate the rela- 
tive importance of temperature and hydrogen con- 
tent. The effect of mold moisture of selenium 
additions is indicated by the displacement of the 
lines from those used for comparison. 


The effect of increasing the mold moisture from 3 
to 4.5 percent in the absence of selenium was to 
narrow the area which is termed sound castings. 
This means that the melt hydrogen content or the 
pouring temperature must be lower when higher 
mold moisture contents are used. Castings produced 
in molds containing 4.5 percent moisture were more 
sensitive to small variations in melt hydrogen con- 
tent than those produced in molds containing 3 
percent moisture. This is shown by the difference in 
the slope of the lines. 


This interrelated effect of mold moisture content, 
melt hydrogen content, and pouring temperature is 
especially significant, because the two curves sur- 
round an area which encompasses a range of hydro- 
gen contents and pouring temperatures that is ex- 
pected in commercial practice. Thus, it is evident that 
close control of these variables within the proper 
limits may be required for the commercial produc- 
tion of sound castings. 


The beneficial effect of selenium at both the 3 
and 4.5 percent mold moisture conditions is shown 
in the plot. In each case, the effect of selenium 


was to shift the position of the dividing lines to the 
right so that more melt hydrogen can be tolerated 
and higher pouring temperatures may be used. The 
amount of shift produced by an addition of 0.02 
percent selenium was much greater at the 4.5 per- 


Pouring Temperature, F 


4 





Hydrogen Content, ports per million 


Figure 1—Influence of pouring temperature and melt hydrogen 
content on the occurrence of pinhole porosity in molds of 120 
to 130 permeability. 


cent mold moisture level than at the 3 percent 
level. This is illustrated by the curves at 2850 
degrees F. 


The effect of changing the mold moisture from 3 
to 4.5 percent was not apparent when a 0.02 per- 
cent selenium addition was used. That is to say, 
the curves under these conditions were nearly identi- 
cal. This indicates that the detrimental effect ex- 
pected from the high mold moisture content was 
not observed. Evidently, the beneficial effect of the 
selenium addition was such that it overshadowed the 
detrimental effect of the increased mold moisture. 


The studies of Figure 1 were made with mold 
permeabilities of 120 to 130. Additional studies 
were carried on with molds of 80 to 90 and 160 to 
170 permeability, but no clear cut effect of this 
variable was observed. It was surmised that con- 
siderably lower permeabilities would have been re- 
quired before mold permeability would influence the 
incidence of pinhole porosity. 


Field Experience 


Several Alloy Casting Institute members provided 
samples taken from arc-melted heats of various types 
of stainless steels. The melt-down hydrogen con- 
tents of these steels varied from 3.2 to 9.9 ppm. 
The laboratory results suggested that little difficulty 
would be expected from the lower range values, 
while at the upper end trouble from pinhole porosity 


would be likely. 


Where applicable data from the commercial heats 
were available, they demonstrated the ability of the 
oxygen blow to reduce melt hydrogen content. 
In most cases, the extent of reduction was dramatic. 
The oxygen blow certainly seems to be an effective 
means for obtaining a low hydrogen content during 
at least one period in the making of a heat of 
stainless-type alloy. In general, however, subsequent 
refining and ladling increased the hydrogen content 
over that prevailing after the blow. 
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These observations strongly emphasize the neces- 
sity of avoiding contact with moisture especially 
after the oxygen blow. Chromium and other alloy 
additions should be thoroughly dry, and slag-making 
material should be completely free from moisture. 
Ladles are of equal importance; they are likely to 
contribute significant amounts of hydrogen unless 
preheated above 2000 degrees F for several hours. 


Results of this investigation show that the im- 
portant foundry variables influencing pinhole poros- 
ity in stainless-type castings are melt hydrogen 
content, pouring temperature, and mold moisture 
content. Careful control of these major variables 
will minimize the occurrence of pinhole porosity in 
castings under normal conditions. The curves that 
show the relationship between pouring temperature 


and hydrogen content of the melt at several selenium 
and mold moisture contents can constitute a useful 
guide for improving foundry practice. These were 
obtained for the CF-8 alloy and may apply only in 
a very general way to other high-alloy grades. 


A useful application of the curves is the evaluation 
of the effect of changes in practice. For example, 
the curves show that the addition of 0.02 percent 
selenium permits more hydrogen in the melt and 
higher pouring temperature before conditions result- 
ing in porous castings are reached. Similarly, the 
detrimental effect from high moisture content of 
the molds, within the range investigated, can be 
compensated by the selenium addition. In the absence 
of selenium, the moisture content of the mold be- 
comes more important. 


ON SEGREGATION IN STEEL CASTINGS* 


C. M. Adams, Jr.** 


Segregation in solidifying alloys, such as steel, may 
occur in widely variant patterns, although the funda- 
mental driving force for segregation remains un- 
changed. A solid solution in equilibrium with a 
liquid solution will, in general, have a composition 
different from that of the liquid solution. Conse- 
quently, the first crystal to solidify in an ingot or cast- 
ing of a dilute solution will tend to have a different, 
usually lower, concentration of solute than the liquid 
from which it solidifies. Thus, the classic picture of 
positive segregation in a steel ingot has the surface of 
the ingot low in solute, since crystallization initiates 
at the surface. The central portion of the ingot is 
rich in solute, and the degree of separation is de- 
pendent upon the segregation coefficient of the solute. 


However, several mechanical, chemical and therma! 
factors, in addition to the segregation coefficient, can 
influence the degree, the direction, and the average 
distance of solute migration during solidification: (1 ) 
rate of solidification, (2) slope of the liquidus, thermal 
conductivity, and liquid mass diffusivity of the alloy 
in question, (3) solidification shrinkage, (4) liquid 
convection, (5) solid thermal contraction, and (6) 
amount of superheat with which the metal is poured. 
These factors affect segregation either by modifying 
mass transfer through the liquid or by causing local 
flow of solute-rich liquid. 


In the absence of pronounced dendritic solidifica- 
tion or wide separation between the liquidus and the 
solidus, the liquid-solid interface is essentially planar, 
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and positive segregation occurs in a direction per- 
pendicular to the mold wall. The degree of separa- 
tion increases with: (1) increasing segregation co- 
efficient, (2) decreasing solidification rate, (3) in- 
creasing convection, and (4) increasing liquid mass 
diffusivity. In an ingot the parabolic rate constant 
for solidification is so high, and the mass diffusivity 
so low, that, in the absence of convection, little 
macrosegregation can take place. Convection is 
usually present to some extent in a killed-steel ingot 
because of temperature differences and residual stir- 
ring momentum from the tapping operation, so that 
some positive segregation will occur. Vigorous con- 
vection in a rimming ingot favors pronounced posi- 
tive segregation. 


When the mechanism of solidification is dendritic, 
the liquid-solid interface is no longer a plane, and its 
true area is much larger than its projected area viewed 
perpendicular to the mold wall. The ratio of pro- 
jected to true liquid-solid interface areas may be re- 
garded quantitatively as the sine of the angle between 
the principal growth direction and a plane parallel to 
the mold wall. When the liquid-solid interface is 
nearly planar, the ratio is unity, and the principal 
growth direction is perpendicular to the mold wall. 
When solidification is dendritic, the angle is very 
small, and growth and segregation are essentially 
“sideways.” In the absence of mechanical influences, 
dendritic growth is favored by: (1) slow solidifica- 
tion, (2) steep liquidus, (3) high thermal conduc- 
tivity, and (4) low superheat. It is important to 
realize that, in solidification of most steels, under con- 
ditions of parabolic growth from a metal mold wall, 
the direction of principal growth gradually shifts 
from nearly perpendicular to nearly parallel to the 
mold wall, and the segregation mechanism shifts ac- 
cordingly. 
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Figure 1—Sulfur print of casting cross section showing inverse 
segregation at fillet section. Mechanical restraint present dur- 
ing solidification due to mold design. 


The combination of dendritic solidification with 
certain of the mechanical influences indicated above 
can result in such effects as negative or inverse segre- 
gation in which the first regions to freeze are high in 
solute, or exaggerated positive segregation. For ex- 
ample, under conditions of dendritic freezing solidi- 
fication shrinkage can cause interdendritic solute-rich 
liquid to flow toward the mold wall; conversely, con- 
traction of the completely solid layer can move den- 
drites closer together, resulting in movement of inter- 
dendritic liquid away from the mold wall. In other 
words, the whole dendritic mass can behave like a 
sponge, accepting or rejecting liquid in conformity 
with the mechanical forces operating on it. One of 
the most drastic effects can result from hindered solid 
contraction of the first metal to freeze; under these 
circumstances, contraction in one region causes an- 
other, hotter area to stretch. When solidification 
shrinkage is accompanied by plastic extension of the 
solid and separation of dendrites, the effects are ad- 
ditive, and very high local concentrations of solute are 
produced. Examples are shown in Figures 1, 2 and 
3, which are sulfur prints of sections of castings which 
were allowed to solidify under differential cooling 
conditions in which solid contraction was hindered. 
Although the metal was originally 0.04 percent sulfur, 
local concentrations can be high enough to induce 


4 : * 


. gee ok Rie. “ah ‘ 
Wan weet Cy Oe ia 
Rte oO pee itis of # 

ss ’ oe me 


i * 


Figure 2—Sulfur print of inverse segregation in casting. Mold 
design produced mechanical restraint during solidification. 


Figure 3—Sulfur print of cross-sectioned area of casting show- 
ing planes of weakness as a result of mechanical stresses during 
solidification. 


cracking (Figures 1 and 2), with subsequent exuda- 
tion of liquid, or to leave macroscopically invisible 
planes of weakness (Figure 3). From this and other 
observations, it is apparent that mechanical influences 
are of determining importance in modifying simple 
chemical and thermal models used in consideration of 
segregation, and certainly the least important mecha- 
nism for solute transport in an ingot or casting is that 
of true diffusion. 








